Diclidophora merlangi was found to consume oxygen under a variety of experimental conditions. The Q Oi of homogenates was 0-415/d oxygen consumed/mg wet wt/h. Oxygen uptake was reduced in the presence of inhibitors: cyanide 0-1 mM and 5-0 m , 100%; rotenone 10~6 M, 56%; antimycin A 10~6 M, 63 %; malonate 10 mM, 36 %; arsenite 5 mM, 46 %; fluoroacetate 5 mM, 47 %. Worms died after 1 h incubation in 1 mM cyanide. It is suggested that these data provide evidence for the existence of a functional TCA cycle and respiratory chain of the classical pattern in this fluke.
INTRODUCTION
, noted that knowledge of the physiology of the Monogenea was extremely limited and that metabolic pathways were entirely unknown. Eight years later these comments are still substantially correct, and the reason for this lack of information may relate to the difficulties in obtaining most species in sufficient quantities to permit adequate physiological investigation. Certain monogeneans, however, are sufficiently large and easy to obtain to render them ideal material for laboratory studies. Such an animal is Diclidophora merlangi, which is found on the gills of the whiting, Qadus merlangus. The whiting is an important food fish and is caught extensively in Irish waters; infection rates are high (Arme & Halton, 1972) and several hundred specimens may be collected in the space of a few hours. A further point which enhances the suitability of this parasite as a subject for laboratory study is the ease with which it may be maintained in vitro. At 4 °C flukes will survive for up to 6 weeks in seawater, in an apparently healthy condition, as judged by continued clamp motility.
Because of the paucity of information concerning the Monogenea as a whole, a series of investigations into certain aspects of the physiology and biochemistry of Diclidophora is in progress. This paper reports observations on oxygen uptake.
MATERIALS AND METHODS
Fish caught during the day were landed at Portavogie, Co. Down, Northern Ireland, and examined the same evening on the premises of the fish wholesalers. The operculum was raised and the entire gill harbouring parasites was removed and transferred to an artificial seawater (ASW) of the following composition: NaCl, 462 mM; MgSO 4 .7H 2 0,2-43 mM; KC1, 12-1 mM; NaHCO 3 , 2-38 202 C. ARME AND M. G. FOX MgCl 2 .6H 2 O, 9-83 mM; CaCl 2 .2H 2 O, 11-35 n a ; benzyl penicillin, 1000000 units/1; Streptomycin, 2 g/1. Excised gills were transported to the laboratory in chilled Thermos flasks and kept overnight in open bottles in a refrigerator. The following morning flukes were removed from the gill, freed from mucus and checked for damage using the Evans Blue technique of Halton & Arme (1972) . Undamaged flukes were then transferred to fresh ASW, placed in an incubator at 10 °C and used for experiments within 48 h.
Oxygen uptake was determined polarographically using a Yellow Springs Instrument Co. model 53 oxygen monitor, linked to a pen recorder. The volume of ASW placed in the chambers was 5 ml, together with 15-20 whole flukes or their homogenates. All solutions were equilibrated with the gas phase under investigation by bubbling for 20 min before use. When chemicals were added to the test chamber, using a long hypodermic needle inserted down the overflow groove of the plunger, the volume of ASW in the chamber was reduced so that the total volume of ASW plus additive was 5 ml. In certain experiments fluke homogenates were used. These were obtained by homogenizing worm slices in a tissue grinder, followed by ultrasonication at 10 °C.
The manufacturers of the oxygen monitor recommend its use over a temperature range of 25-40 °C. Since the proposed experiments were to be carried out at 10 °C comparative experiments on oxygen uptake using conventional Warburg apparatus were also undertaken.
All biochemicals used were the best available grade supplied by the Sigma Chemical Co., London, with the exception of Antimycin A which was obtained from Calbiochem Ltd, London. Rotenone and Antimycin A were dissolved in absolute ethanol prior to addition to the test chamber of the oxygen monitor; an equivalent amount of ethanol was added to the controls. The pH of all solutions was checked before and after experiments and found not to vary by more than 0-1 pHunit.
RESULTS
Under an atmosphere of air, using intact flukes at 10 °C, a constant rate of oxygen uptake was observed over a period of 2 h. The means of 6 Q o determinations (/il oxygen consumed/mg wet wt/h + s.E.) using the oxygen monitor and Warburg apparatus were 0-443 ± 0-027 and 0-422 + 0-028 respectively. The use of a 't' test revealed no significant difference between these values and it was concluded that the oxygen monitor yielded reliable estimates of oxygen uptake at 10 °C.
Oxygen uptake in intact flukes was investigated using ASW saturated with the following gas mixtures: 95 % N a : 5 % O 2 , air and 100 % O 2 and the following mean Q o values (/A O 2 consumed/mg wet wt/h + s.E.) were obtained: 0-338 + 0-022, 0-539 + 0-047 and 0-882 + 0-026 (N = 6).
It was clear from the above findings that Diclidophora did consume oxygen under the in vitro conditions used and it was decided to investigate this further by studying the effects of various substrates and inhibitors on oxygen uptake. In these experiments fluke homogenates were used and preliminary experiments indicated that these preparations respired at a constant rate and that Q o values for homogenates were similar to those obtained for whole animals. The results of these experiments are shown in Table 1 . Following incubation of intact flukes in cyanide concentrations of 5, 2 and 1 mM clamp motility ceased within 4, 8 and 60 min respectively. When the flukes were transferred from the cyanide solutions to fresh ASW recovery did not occur.
Flukes incubated in ASW gassed for 20 min with nitrogen showed markedly reduced clamp movements after 30 min and a complete cessation of movement after 3 h. However, when these inactive parasites were transferred to aerated ASW, in contrast to cyanide-treated animals, recovery occurred.
DISCUSSION
All parasitic helminths studied to date have been found to consume oxygen if available. However, the importance of oxygen in the metabolism of helminths, particularly those inhabiting the lumen of the vertebrate small intestine, is a matter of some controversy and has been discussed elsewhere (von Brand, 1966; Smith, 1969) . Diclidophora has also been found to consume oxygen and at rates which vary inversely to the partial pressures of oxygen in the medium. In the absence of information on metabolism of the Monogenea the significance of this uptake cannot be determined with certainty. However, the results of the experiments described above suggest that respiration is associated with energy metabolism rather than with other oxygen-consuming processes which have been described for other organisms, such as the activity of amino acid oxidases or hydroxyproline synthesis during collagen formation. The principal observations supporting this contention are that low cyanide concentrations result in a virtually instantaneous and total inhibition of oxygen consumption, and that clamp motility, which we usually regard as an indication of viability in the fluke, ceases both after cyanide treatment and also after incubation in a medium gassed with 100 % N 2 .
The inhibitory effects of rotenone (which inhibits the transfer of reducing equivalents between pyridine nucleotides and cytochrome b), of antimycin A (which prevents the transfer of electrons from cytochrome b to cytochrome c) and of cyanide (which inhibits cytochrome oxidase) suggest the presence of a respiratory chain which, at least in parts, resembles that found typically in aerobes. The source of reduced cofactors, which are presumably reoxidized via this system, is not known. However, the inhibitions of oxygen uptake which have been observed using malonate (which inhibits the dehydrogenation of succinic acid), fluoroacetate (which interferes with citrate metabolism) and arsenite (which prevents the oxidative decarboxylation of pyruvate and a-ketoglutarate by blocking the action of lipoic acid) permit the tentative suggestion that a tricarboxylic acid (TCA) cycle operates in Diclidophora. In this connexion, mention may be made of the work of Hammen & Lum (1962) , who incubated intact Entobdella bumpusi in 14 C-labelled bicarbonate. They showed that most 14 C was subsequently found in malic acid, with smaller amounts present in sucoinic, fumaric, citric, iso-citric and a-ketoglutaric acids, suggesting that a functional TCA cycle operates in this monogenean species.
The stimulatory effect of glucose upon oxygen consumption, noted for Diclidophora, has been observed in several other helminths (von Brand, 1966) , and may reflect the importance of this compound in energy metabolism. It is, however, difficult to explain the lack of effect of citrate, succinate and malonate in view of the evidence, noted above, which suggests that a TCA cycle may be present. The lack of stimulation of oxygen uptake may be related to difficulty of penetration of substrates into the mitochondria or perhaps to the fact that substrates are already present in the homogenate at high enough levels to ensure the operation of the cycle at maximum rates.
There are a number of additional observations which are relevant to this discussion. Examination of electron micrographs of muscle mitochondria of Diclidophora and of Fasciola hepatica, kindly loaned to us by Drs D. W. Halton and L. T. Threadgold (of this department), reveal that in Diclidophora there are relatively larger numbers of mitochondria, each containing at least twice the number of cristae compared to those in Fasciola. This may indicate that of the two species Diclidophora has the greater involvement of oxygen in mitochondrial metabolism. Halton (1967) , in analyses of glycogen in several flukes, considered that his data supported the view that a relationship existed between the amount of stored glycogen in a species and the availability of oxygen in the environment of that species. For example, Fasciola hepatica living under conditions of low oxygen tension had a mean glycogen content of 17% of the dry weight. In contrast Diclidophora had low glycogen reserves (1*2 %), the inference being that they presumably obtain energy by aerobic respiration, rendering the storage of large quantities of glycogen unnecessary. With regard to other species of Monogenea there are two reports which indicate a sensitivity to oxygen in two different species. Izunova (1953) noted that a gill fluke, Dactylogyrus solidus, migrated to positions of maximum aeration if the oxygen content of the water holding the fish host was reduced. Kearn (1962) observed an interesting feature of the behaviour of Entobdella soleae. This parasite lives on the blind side of its host, the sole (Solea solea) and, under these conditions of reduced oxygen tension, undulating movements of the body of the fluke were thought to aid respiration. This hypothesis was supported by the experimental demonstration of increased body undulations under conditions of low oxygen tension and a return to the normal state when oxygen was more readily available.
Thus all the information for Diclidophora and for other species of Monogenea is consistent with the view that members of the group possess pathways for aerobic energy metabolism. In the case of Diclidophora the irreversible cessation of clamp movements after treatment with cyanide suggests that this may be of an obligate nature. However, it must be stressed that conclusions based on the use of inhibitors with crude tissue preparations must be interpreted with caution. Further resolution of this problem awaits the elucidation of metabolic pathways, work on which is now in progress. We wish to thank Mr H. J. Cully and Mr R. J. Baxter of Portavogie, Co. Down, for providing facilities for examination of fish.
